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Available online 03 August 2016The high production costs of titanium in comparison to other structural metals is themain limiting factor for the
wide employment of titanium. Cost reduction can be addressed considering creative fabrication methods and/or
formulating new chemical compositions. In this work the fabrication of low-cost iron-containing powder metal-
lurgy titanium alloys is studied by using a spherical 85Fe/15Ni powder whose small particle size and spherical
morphology favours both the densiﬁcation of the material and the diffusion of the alloying elements. The de-
signed composition are obtained by the blending elemental approach andprocessed bymeans of the convention-
al powder metallurgy route. The high vacuum sinteredα+ β alloys show homogeneousmicrostructure and the
formation of brittle intermetallic phases is prevented as checked by XRD and DTA analysis. Similar physical and
mechanical behaviour to wrought-equivalent structural titanium alloys is obtained for these new low-cost alloys
which, therefore, are potential materials for cheaper structural titanium components.
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Titanium has superior corrosion resistance in many aggressive
chemical environments, is inert in contact with bodyﬂuids (biocompat-
ible) andhas the best speciﬁcmechanical properties amongengineering
metals (i.e. mechanical properties divided by density). For example, the
speciﬁc strengthof titanium (i.e. 288 kNm/kg) is 1.4 times and 4.5 times
higher in comparison to aluminium (i.e. 204 kN m/kg) and stainlessi).steel (i.e. 63 kN m/kg), respectively. Because of these aspects, titanium
is usually employed in high demanding applications, such as in the aero-
nautic, naval, (petro)chemical andmedicine sectors [1–3]. Nevertheless,
titanium is also characterised by very high production costs which are
approximately 6 times and 30 times higher, respectively, in comparison
to those to obtain the same quantity of aluminiumor steel [4] relegating
titanium to high demanding sectors. These costs are due to the necessity
to use special industrial processes to prevent the contamination of tita-
nium from interstitials (especially oxygen and nitrogen) which are det-
rimental for its ductility [5,6]. Moreover, titanium is also classiﬁed as a
difﬁcult-to-machine materials as a result of its poor conductivity [7].
Table 1
Characteristics of the rawmaterials andmixed powders (starting materials for the study).
Characteristic Material
Elemental
Ti
85Fe/15Ni
powder
Ti-5%eq.Fe Ti-7%eq.Fe
Density (ρtheoretical) [g/cm3] 4.51 7.96 4.70 4.77
Morphology Irregular Spherical – –
Particle size
distribution [μm]
DMAX b90 b10 b90 b90
D10 21.45 2.16 19.63 18.10
D50 45.80 4.36 47.89 45.69
D90 85.01 9.13 88.52 86.45
Chemical composition
[wt.%]
Ti 99.6 – Balance Balance
Fe 0.027 85.00 4.60 6.43
O 0.27 – 0.29 0.27
N 0.0080 – 0.026 0.022
C 0.0070 – – –
Ni – 15.00 0.81 1.14
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titanium for the lightweighting of structural components which will
eventually result in less oil consumption and lower emission of green-
house gases [8,9]. The use of original techniques and cheap alloying el-
ements are the two main factors which can lead to cost reduction for
titanium parts [10]. Titanium and its alloys can be processed by powder
metallurgy (P/M) taking advantage of the intrinsic beneﬁts of these
technologies among which the fact that they are near-net-shape
methods with no need or limited need for machining operations as
well as high yield (i.e. reduced generation of costly scraps). In most of
the P/M methods the metal is processed well below its melting point
which, in the case of titanium, is helpful to limit the reaction of titanium
with the oxide- and nitride-basedmoulds and processing utensils. Late-
ly, a lot of effort has been focused on developing new extraction pro-
cesses, like the International Titanium Powder ITP/Armstrong [11–14],
method which could be further favour the fabrication of titanium com-
ponents by means of P/M techniques.
On the one hand, up to date, the titanium P/M industry has mainly
focused on the production of titanium alloys whose composition is
equivalent to that of commercial and well-developed wrought alloys,
in particular Ti-6Al-4V. On the other hand, iron has not been completely
accepted as alloying element for titanium because has higher density,
and therefore tends to settle at the bottom of cast ingots and compo-
nents, and the fact that is a eutectoid beta stabiliser. More in detail,
above a certain percentage [15], iron forms Ti-Fe intermetallic phases
which brittle the material. Nonetheless, iron is a highly desirable
alloying element because stabilises the titanium beta phase (B.C.C.)
and it is much cheaper than conventionally employed beta stabiliser
(i.e. vanadium, tantalum and niobium). Attempts were made and
some commercial wrought alloys which contemplate iron in their
chemical composition can be found, such as the case of the low cost
beta (LCB) developed by TIMETAL and the Ti-5Al-2.5Fe alloy. In the
case of P/M processing, some few chemical compositions were studied
[16–18] but the full potential of low-cost titanium alloys development
has not been exploited yet. Examples are the study of Chen at al.
about the effect of cooling rate on the microstructure and properties
of Ti-xFe (x = 3, 5 and 7) produced using iron carbonyl powder [19].
Moreover, Chen andHwang studied the formation of in situ synthesized
TiC dispersoids in the sintered Ti\\7Fe alloy [20].
Most of the studies available in the literature considered the effect of
the addition of iron to titanium when iron was the only alloying ele-
ments but not combined with nickel. Therefore, the aim of this work
was to assess the fabrication of low-cost iron-containing P/M titanium
alloys produced by alloying an irregular hydride-dehydride titanium
with an 85Fe/15Ni powder. The development of low-cost titanium al-
loys would be beneﬁcial to widespread to use of titanium in industrial
applications and potentially help to stabilise the price of titanium
which is currently still primarily dependent on theﬂuctuation of the de-
mand from the aeronautical sector. The iron-containing master alloy
was chosen because of: (1) it is a readily availably inexpensive commer-
cial powder, (2) the elements constituting the powder are both β-
stabilisers permitting to target the production of α± β titanium alloys
and, (3) the powder particle features of the selectedmaster alloy favour
both the densiﬁcation of the material and the diffusion of the alloying
elements. The starting powders were mixed, cold uniaxially pressed
and sintered under high vacuum. Physical and mechanical properties
of the novel low-cost iron-containing P/M titanium alloys were studied
as a function of the sintering temperature. Moreover, the effect of the
presence of iron and nickel as alloying elements on the phases present
was assessed by differential thermal analysis (DTA) and X-ray diffrac-
tion (XRD) analysis.
2. Experimental procedure
An irregular elemental titanium powder bought from GfE GmbH
(which was obtained by means of the (HDH) hydride-dehydrideprocess) and a commercial 85Fe/15Ni powder fabricated by electrolysis
(H.C. Starck) were the rawmaterials of the study. Important character-
istics of these raw materials as well as of the mixed powders (starting
materials for the study) are reported in Table 1. Speciﬁcally, two low-
cost iron-containing P/M titanium alloys were designed (Ti-5%eq.Fe
and Ti-7%eq.Fe).
A previous study about the addition of iron to titanium indicated
that the best mechanical performances are obtained for an iron content
in between 5 wt.% and 7 wt.% [18]. Most of the elements of the period
table are β stabilisers, such as molybdenum, iron, manganese, chromi-
um, nickel and vanadium. The global β stabilising effect is deﬁned by
the formula proposed by Molchanova [21], which takes into account
the pondered strength of the different alloying elements:
Mo½ eq: ¼ Mo½  þ 0:67 V½  þ 1:25 Cr½  þ 1:25 Ni½  þ 2:5 Fe½  ð1Þ
From Eq. (1), alloys with 5 wt.% and 7 wt.% of iron have [Mo]eq. pa-
rameter of 12.5 and 17.5, respectively. These values were used to calcu-
late to total amount of 85Fe/15Ni powder to be mixed with elemental
titanium to design the two low-cost iron-containing P/M titaniumalloys
with an equivalent [Mo]eq. parameter to those of Ti-5Fe and Ti-7Fe, re-
spectively. Speciﬁcally, they were labelled as Ti-5%eq.Fe and Ti-7%eq.Fe
and their relative amount of iron and nickel (β stabilisers) are reported
in Table 1. The Ti-5%eq.Fe and Ti-7%eq.Fe alloys were produced by the
blending elemental approach using a Turbula mixer (processing time:
30 min). The density values of these low-cost alloys were computed
by considering the rule ofmixture. The density of the 85Fe/15Ni powder
ismuch greater than that of titanium, that is why the low-cost iron-con-
taining P/M titanium alloys have slightly higher density with respect to
elemental titanium, but any possible sedimentation of heavier particle
was completely prevented by compacting the Ti-5%eq.Fe and Ti-7%eq.Fe
alloys samples right after mixing. From Table 1, the elemental titanium
powder has irregular morphology whilst the 85Fe/15Ni powder spher-
ical. The irregular titaniumpowder, which represents the greatmajority
of the alloy, is thought to provide the backbone of the green samples
(compressibility) whereas the ﬁner 85Fe/15Ni powder particles should
sit in between the spaces left from the accommodation of the asperities
of the irregular titanium particles. Another important difference be-
tween the two raw materials is their particles size. The much smaller
particle size of the 85Fe/15Ni powder was chosen to promote and en-
hance the diffusion of the alloying elements into the titanium matrix
and speed up the complete homogenisation of the microstructure.
Due to the chemical composition of the raw materials, the Ti-5%eq.Fe
and Ti-7%eq.Fe alloys have oxygen contents of 0.29 wt.% and 0.27 wt.%,
respectively. The contents of nitrogen and carbon are lower than
0.050 wt.% and 0.080 wt.%, respectively, where these values are the
limits speciﬁed by ASTM standards for many titanium alloys, such as
Ti-6Al-4V [22].
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uniaxially pressed bymeans of a ﬂoating die and a uniaxial press. No lu-
bricant was added to the powder, to limit contamination, but the walls
of the die were coated with zinc stearate. The compressibility and green
strength of the materials were assessed with rectangular-shaped speci-
mens (ASTM: B528) compacted between 300 MPa and 700 MPa.
Pressed green samples at 700MPawere then chosen for further studies,
such as DTA analysis (1400 °C, 10 °C/min, 40 ml/min Ar ﬂow) and sin-
terability of the Ti-5%eq.Fe and Ti-7%eq.Fe alloys. Sintering was done in
between 900 °C and 1300 °C (typical temperatures for titanium alloys
sintering [23–25]) during 1 h under high vacuum (10−5 mbar) using
5 °C/min as heating and cooling rates. In particular, the low sintering
temperature of 900 °C was selected to assess whether homogenisation
of the alloying elements could be achieved and 1200 °C and 1300 °C
were considered as they are common sintering temperatures for titani-
um α± β alloys. Green samples were laid on zirconia pearls placed in-
side an alumina tray and processed by batches.
The typicalmetallographic route plus etchingwith Kroll reagentwas
employed for the preparation of the specimens formicrostructural anal-
ysis. Diffusion and chemical homogeneity were checked by means of
SEM-EDS analysis. XRD patterns were obtained by means of a Philips
X'Pert difractometer (2θ = 30–80°, step = 0.02°, time per step =
1.2 s). Shrinkage, densiﬁcation parameter (Ψ) and relative density
(ρrelative) were the physical properties chosen to characterise the densi-
ﬁcation of the low-cost iron-containing alloys. The shrinkagewas calcu-
lated as the difference between the green and the sintered samples and
for that their dimensions were measured with a 2-digit calliper (length
andwidth) and 3-digit micrometer (thickness). Green density (ρgreen=
volume/mass), relative density (ρrelative = ρsintered/ρtheoretical, where
ρsintered is the density of the sintered samples asmeasured perwater dis-
placement method and ρtheoretical is the theoretical density of the alloys,
shown in Table 1) and ρtheoreticalwere used to compute theΨ parameter.
The amount of interstitials (i.e. oxygen and nitrogen) was measured as
per ASTM: E1409 (LECO TC500). HV30 hardness measurements were
carried out by means of a universal hardness tester (Wilson/Wolpert
DIGITESTOR). Transverse rupture strength (TRS) values were obtained
by testing the samples using a three-point bending setup (Micro-Test
machine). The characterisation of the materials was performed on, at
least, a minimum of three specimens in each speciﬁc test.
3. Results and discussion
Fig. 1 shows the variation of the green density (compressibility) and
of the green strength of the Ti-5%eq.Fe and Ti-7%eq.Fe alloys powders
with the applied pressure.
From Fig. 1, it can be seen that both the green density and the green
strength of the Ti-5%eq.Fe and Ti-7%eq.Fe alloys powders increase linearlyFig. 1. Compressibility (i.e. green density) and green strength versus compacting pressure
of the Ti-5%eq.Fe and Ti-7%eq.Fe alloys powders. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)with the increment of the applied pressure. Precisely, the green density
increases approximately from 60% at 300MPa to 77% at 700MPawhere
this are common values for the pressing of irregular HDH titaniumpow-
ders [26]. Consequently, the volumetric amount of spherical 85Fe/15Ni
powder does not seem to affect signiﬁcantly the compressibility of the
low-cost iron-containing P/M titanium alloys with respect to that of
commercial HDH powders. This is further veriﬁed by the fact that, al-
though there are little variations, the Ti-5%eq.Fe and Ti-7%eq.Fe alloys
powders are characterised by similar green density values. Moreover,
the presence of the spherical powder does not affect the strength of
the materials which could be easily handled without breakage. Never-
theless, it can also be noticed that the green strength is higher for higher
addition of 85Fe/15Ni powder (Ti-7%eq.Fe vs. Ti-5%eq.Fe) which could be
due to the better ﬁtting of the spherical particles into the pores left from
the accommodation of the irregular titanium powder particles prior to
the compaction stage.
The SEMmicrographs of the sintered Ti-5%eq.Fe and Ti-7%eq.Fe alloys
are shown in Fig. 2 and it is worth mentioning that the samples proc-
essed at 900 °C were used to assess the diffusion of the 85Fe/15Ni pow-
der into titanium.
From Fig. 2 a) and b), it can be seen that the chemical composition of
the Ti-5%eq.Fe and Ti-7%eq.Fe alloys is rather homogeneous although of
the low sintering temperature. Only very few small undissolved parti-
cles of the 85Fe/15Ni powder could be found in the microstructure
(bright spots in the micrographs, 3–5 μm). These undissolved particles
are most probably the ones with the biggest size of the initially added
85Fe/15Ni powder which, due to the relatively short sintering time,
did not have the change to dissolve completely. Moreover, it can be no-
ticed that during their diffusion, the 85Fe/15Ni particles leave behind
Kirkendall porosity because iron diffuses two times faster into titanium
than the opposite case (Ti→ Fe) [27,28]. The low-cost iron-containing
Ti-5%eq.Fe and Ti-7%eq.Fe alloys were designed to be α+ β alloys. Due
to the quite efﬁcient diffusion of iron and nickel, the microstructure of
the samples sintered at 900 °C is already primarily composed of grains
of the α phase (dark areas in the micrographs) and lamellae of the α
and β phase (light greys areas in the micrographs) conﬁrming that the
β stabilisers (i.e. iron and nickel) are already diffused. The residual po-
rosity of the specimens sintered at 900 °C, which is quite predominant
in themicrostructure, is still highly irregularly shaped and interconnect-
ed. This indicates that during the ﬁrst stage of sintering the greatmajor-
ity of the thermal energy is spent in diffusion of the alloying elements
rather than in the densiﬁcation of the material. The sintering of the
low-cost iron-containing Ti-5%eq.Fe and Ti-7%eq.Fe alloys at higher pro-
cessing temperatures (1200 °C, Fig. 2 c and d, and 1300 °C, Fig. 2 e and
f) leads to completely chemically homogeneous materials composed
of α grains and α + β lamellae both of which become coarser with
the increment of the temperature. At these processing temperatures
the sintered Ti-5%eq.Fe and Ti-7%eq.Fe alloys show primarily spherical
and isolated residual pores located at the intersection between
neighbouring grains. From the comparison of the respective micro-
graphs, the differences in terms of microstructural features which can
emphasized between the Ti-5%eq.Fe and Ti-7%eq.Fe alloys are that the
total porosity of the Ti-7%eq.Fe alloy is lower than that of the Ti-5%eq.Fe
alloy and the lamellar spacing seems smaller. Chen at al. indicated that
the lamellar spacing decreases as the amount of iron added to titanium
increases [19]. It is worth mentioning that the chemical composition of
the sinteredmaterials with homogeneousmicrostructures was checked
by means of EDS analysis (whose results are shown in Table 2) and no
TiFe-based intermetallic phases were found during microstructural
analysis.
From the EDS data shown in Table 2, the amount of each element of
the total composition is consistent with the designed chemical compo-
sition even though there are some variations intrinsic of the semi-quan-
titative nature of the EDS analysis. The α phase is entirely composed of
titanium, because iron and nickel have practically no solubility inα tita-
nium [15], and the alloying elements are in the β phase which is why
Fig. 2. SEM micrographs of the Ti-5%eq.Fe and Ti-7%eq.Fe alloys, respectively, sintered at: a) and b) 900 °C, c) and d) 1200 °C and e) and f) 1300 °C.
320 L. Bolzoni et al. / Materials and Design 110 (2016) 317–323their amount is slightly higher with respect to the values of the total
composition. In general, the atomic composition of the α and β phases
of the Ti-5%eq.Fe and Ti-7%eq.Fe alloys are, respectively: (α) 100Ti
and (β) 94.03Ti-4.83Fe-1.14Ni and (α) 100Ti and (β) 92.42Ti-6.11Fe-
1.47Ni.Table 2
Results of the EDS analysis performed on the Ti-5%eq.Fe and Ti-7%eq.Fe alloys samples.
Chemical composition Ti-5%eq.Fe Ti-7%eq.Fe
1200 °C 1300 °C 1200 °C 1300 °C
Total [wt.%] Ti Balance Balance Balance Balance
Fe 4.52 4.64 6.51 6.05
Ni 1.2 1.02 1.47 1.6
α-phase [wt.%] Ti 100 100 100 100
Fe – – – –
Ni – – – –
β-phase [wt.%] Ti Balance Balance Balance Balance
Fe 5.83 5.31 6.97 7.08
Ni 1.47 1.29 1.9 1.64The absence of TiFe-based intermetallic phases and their hindered
formation was further proved by DTA analysis and the results are
shown in Fig. 3.
From the DTA curves reported in Fig. 3 it can be seen that the only
thermal event detected is an endothermic peak around 870 °C which
corresponds to the allotropic transformation from the α to β phase of
pure titanium. The transformation temperature is not affected by
the presence of the alloying elements because they are not dissolved
inside the titanium lattice in the Ti-5%eq.Fe and Ti-7%eq.Fe alloys
powders yet during heating. Most importantly, the formation of
TiFe-based intermetallic phases, as they should form on the base of
the binary system (TiFe and TiFe2) [15], in low-cost iron-containing
Ti-5%eq.Fe and Ti-7%eq.Fe alloys does not take place. This is most
probably due to the slower kinetics of the process when taking
place in the solid state rather than in the liquid state and the fast dif-
fusion of the alloying elements, although this is not the case when
coarse Fe particles are used to produce low cost titanium alloys
[18]. Similar behaviour was obtained when HDH titanium was
alloyed with stainless steel and processed using a comparable powder
metallurgy method [29].
Fig. 3. DTA curves for the Ti-5%eq.Fe and Ti-7%eq.Fe alloys.
Fig. 5. Variation of shrinkage, densiﬁcation parameter Ψ and relative density of the Ti-
5%eq.Fe and Ti-7%eq.Fe alloys with the sintering temperature.
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containing Ti-5%eq.Fe and Ti-7%eq.Fe alloys was done by means of XRD
analysis and the patterns are presented in Fig. 4.
From the XRD patterns of the sintered Ti-5%eq.Fe and Ti-7%eq.Fe al-
loys it can be seen that the phases that compose the low-cost iron-con-
taining P/M titanium alloys are α and β titanium. No important
differences are found between the Ti-5%eq.Fe and the Ti-7%eq.Fe alloys
independently of the sintering temperature employed if not that the in-
tensity of the main β-Ti peak (i.e. 100 plane) is higher for theTi-7%eq.Fe
alloy. This is in agreement with the fact that the higher the amount of β
stabilisers contemplated in the chemical composition of the alloy the
higher the relative amount of β phase that characterise them. By
means of the XRDpatterns it is further veriﬁed that TiFe-based interme-
tallic phases are not present, which is especially relevant for an addition
of 7 wt.% of iron. A similar trend where no TiFe-based intermetallic
phases were formed and the intensity of the β peaks increased with
the amount of iron added due to the stabilising effect of iron on the tita-
nium β-phase was found in binary Ti-xFe alloy [19].
Fig. 5 shows the variation of the shrinkage, densiﬁcation parameter
(Ψ) and relative density of the Ti-5%eq.Fe and the Ti-7%eq.Fe alloys
with the sintering temperature.
From Fig. 5, the sintering of the Ti-5%eq.Fe and the Ti-7%eq.Fe alloys
leads to the shrinkage of the materials where the contraction increases
alongwith the sintering temperature ranging between 7% at 900 °C and
18% at 1300 °C. The relatively low contraction of the materials at 900 °C
is imputable to the fact that most of the thermal energy is invested in
homogenisation of the alloying elements rather than in self-diffusion
of the coarser titanium powder particles. This could be expected on
the base of the microstructural analysis (Fig. 2). Consequently, the
highest increment in shrinkage is seen when increasing the processing
temperature from 900 °C to 1200 °C (i.e. 16%) and a further incrementFig. 4. XRD patterns of the sintered Ti-5%eq.Fe and Ti-7%eq.Fe alloys.of the temperature to 1300 °C does not increase signiﬁcantly the shrink-
age (i.e. 18%). From the comparison of the two low-cost iron-containing
P/M titanium alloys, Ti-7%eq.Fe alloy undergoes slightly higher contrac-
tion (0.7% on average) with respect to the Ti-5%eq.Fe alloy which is due
to the greater relative amount of ﬁner powder particles (i.e. 85Fe/15Ni
powder) present in the alloy. The densiﬁcation of the materials in-
creases with the processing temperature and, once again, the most im-
portant change happens from 900 °C to 1200 °C. As previously
explained, this behaviour is related to the competition between the in-
terdiffusion of the alloying elements towards titanium and the self-dif-
fusion of titanium which also explains the somewhat higher
densiﬁcation of the Ti-7%eq.Fe alloy (1.9% on average) compared to the
Ti-5%eq.Fe alloy. From Fig. 5, the relative density of the Ti-5%eq.Fe and
the Ti-7%eq.Fe alloys increases with the sintering temperature as this
property is related to the shrinkage and densiﬁcation of the materials.
The samples sintered at 900 °C are characterised by quite low relative
density (approximately 86%) due low processing temperature although
the chemical composition is already rather homogeneous (Fig. 2). Due
to the higher densiﬁcation that the material experiences, the Ti-
7%eq.Fe alloy generally shows a little bit higher relative density (i.e.
0.5%) with respect to the Ti-5%eq.Fe alloy. The ﬁnal relative density
values of both the low-cost iron-containing P/M titanium alloys are
comparable to those of wrought-equivalent titanium alloys processed
by pressing and sintering [17,26,30–34]. It is worth mentioning, in par-
ticular, relative density values of 97% were obtained in iron-containing
powder metallurgy titanium alloys by using ﬁner powders (25 μm
spherical titanium mixed with 3 μm iron carbonyl powder) combined
with lower sintering temperature (i.e. 1150 °C) but longer dwell time
(i.e. 2 h) [19,20].
Oxygen and nitrogen contents of the sintered Ti-5%eq.Fe and the Ti-
7%eq.Fe alloys are shown in Table 3 where it can be seen that the total
amount of these two interstitials remains almost constant at approxi-
mately 0.53 wt.% and 0.09 wt.%, respectively, regardless of the process-
ing temperature employed to sinter the low-cost iron-containing P/M
titanium alloys.Moreover, it can be noticed that there is quite an impor-
tant interstitials pick-up in comparison to the values of the startingTable 3
Oxygen and nitrogen contents of the sintered Ti-5%eq.Fe and Ti-7%eq.Fe alloys.
Alloy Chemical composition
O [wt.%] N [wt.%]
Ti-5%eq.Fe 900 °C 0.54 ± 0.02 0.094 ± 0.014
1200 °C 0.52 ± 0.01 0.108 ± 0.033
1300 °C 0.50 ± 0.04 0.104 ± 0.003
Ti-7%eq.Fe 900 °C 0.54 ± 0.01 0.075 ± 0.013
1200 °C 0.53 ± 0.03 0.087 ± 0.022
1300 °C 0.56 ± 0.07 0.092 ± 0.005
Fig. 7.Results of the three-point bending tests performed on the sintered Ti-5%eq.Fe and Ti-
7%eq.Fe alloys samples: a) representative load-deﬂection curves (1200 °C) and b) TRS vs.
sintering temperature.
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atoms adsorbed into the surface of the powder particles, whose amount
is higher for ﬁner particles because they have higher surface energy, and
the air trapped inside the porosity of the green samples which diffuses
inward during the sintering step.
The variation of the Vickers hardnesswith the sintering temperature
(Fig. 6) shows that the low-cost iron-containing P/M titanium alloys be-
comes harder with the increment of the processing temperature. This
increment is due to the combined effect of higher relative density, or
in turns lower volumetric percentage of residual porosity distributed
in themicrostructure, and the total amount of alloying elements and in-
terstitials because oxygen and nitrogen harden titanium [5,6].
From the comparison of the two low-cost iron-containing P/M tita-
nium alloys, the Ti-7%eq.Fe alloy is always characterised by higher hard-
ness (roughly 20HV30) than the Ti-5%eq.Fe alloy clearly highlighting the
effect of the total amount of alloying elements (i.e. beta stabilisers)
added. The hardness values are also affected by the slightly differences
in terms of relative density (Fig. 5) and interstitials content (Table 3)
whichharden titanium [5,6]. As described on the base of themicrostruc-
tural analysis (Fig. 2), the low-cost iron-containing P/M titanium alloys
are α+ β titanium alloys because both iron and nickel are β stabilisers
but their total amount is not sufﬁciently high as to create ametastable or
stable β titanium alloy as normally N15% and 30% of β stabilisers are re-
quired, respectively [22]. Consequently, the mechanical properties of
the Ti-5%eq.Fe and the Ti-7%eq.Fe alloys can be compared to those of
the most famous α + β titanium alloy, the Ti-6Al-4V alloy. From
Fig. 6, it can be seen that the low-cost iron-containing P/M titanium al-
loys have higher hardness with respect to the wrought Ti-6Al-4V alloy
(i.e. 321 HV [22]), with the exception of the samples sintered at 900 °
C, albeit of the presence of the residual porosity as microstructural fea-
ture. This behaviour is once again related to the chemical composition of
the materials and, speciﬁcally, to the much higher amount of intersti-
tials of the Ti-5%eq.Fe and the Ti-7%eq.Fe alloys in comparison to the
wrought Ti-6Al-4V alloy (i.e. OMAX = 0.20 wt.% and NMAX =
0.050 wt.% [22]). Similar behaviour and hardness values as the ones re-
ported in Fig. 6 were obtained when HDH pure titanium was mixed
with a 430 stainless steel powder due to the effect of theβ-stabilising el-
ements added (i.e. Fe, Cr, Si and Mn) [29].
The results of the three-point bending tests performed on the
sintered Ti-5%eq.Fe and the Ti-7%eq.Fe alloys samples are displayed in
Fig. 7.
From Fig. 7 a), the low-cost iron-containing P/M titanium alloys are
characterised by similar behaviour mainly deforming elastically with
the increment of the applied load and with some plastic deformation
prior fracture. Moreover, since the curves of the two materials overlie,
the Ti-5%eq.Fe and the Ti-7%eq.Fe alloys have similar elastic modulus.
From the analysis of the mechanical properties of the materials with
the sintering temperature (Fig. 7 b) it can be seen that the TRS decreasesFig. 6. Variation of the Vickers hardness of the Ti-5%eq.Fe and Ti-7%eq.Fe alloys. with the
sintering temperature.with the increment of the processing temperature. Although of its
higher relative density, the Ti-7%eq.Fe alloy shows lower mechanical
performances with respect to the Ti-5%eq.Fe alloy independently of the
sintering temperature. The decreasing behaviour of themechanical per-
formances is due to the contrasting effect of the residual porosity, the in-
crement of the interstitials (in particular oxygen) and the coarsening of
the microstructural features with the increment of the sintering tem-
perature. Speciﬁcally, the pore size increases in the ﬁnal stage of
sintering and both the size of the prior β grains and the width and
length of the α ± β undergoes growth reducing the lamellae spacing
and inducing a reduction of the strength of the alloys. The trends of
the TRS and the values obtained when alloying titanium with Fe/Ni
are comparable to those of low-cost titanium alloys developed by
adding a commercial stainless steel powder [29]. Excepted the Ti-
7%eq.Fe alloy sintered at 1300 °C, the two low-cost iron-containing P/
M titanium alloys have higher TRS in comparison to the values of
wrought biomedical devices made out of the Ti-6Al-4V (903–
1090 MPa) and Ti-6Al-7Nb (935–995 MPa) alloys [35].
4. Conclusions
From this work about the alloying of elemental titaniumwith 85Fe/
15Ni to produce low-cost iron-containing powder metallurgy (P/M) ti-
tanium alloys it can be concluded that the studied compositions are
promising alternatives to fabricate cheap non-critical structural titani-
um components. The addition of ﬁne 85Fe/15Ni powder to titanium
does not compromise the handability of the green samples and simulta-
neously enhances the homogenisation of the alloying elements and the
323L. Bolzoni et al. / Materials and Design 110 (2016) 317–323densiﬁcation of the material. Completely homogeneous microstructure
are obtained from sintering temperature of 1200 °C and the formation
of brittle TiFe-based intermetallic phases is prevented by using the P/
M route of pressing and sintering. Furthermore, the sintered low-cost
iron-containing Ti-5%eq.Fe and the Ti-7%eq.Fe alloys are characterised
by physical and mechanical properties, especially in terms of strength,
comparable to those of other wrought-equivalent and low-cost P/M ti-
tanium alloys.
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